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Abstract
Graphene has been regarded as a multifunctional nanofiller for manufacturing
polymer nanocomposites. A small amount of graphene nanosheets is expected to
significantly improve the properties of base polymers. The property enhancement,
however, is a function of the degree of exfoliation and dispersion of graphene as well
as its compatibility with the polymer. The non-polar nature of polyolefins such as
polyethylene (PE) and polypropylene (PP) restricts the homogeneous dispersion of
graphene, leading to significant agglomeration of the nanosheets and thus, limiting
the expected property improvements in polyolefins. Currently, more efforts are
focused on finding strategies to improve graphene dispersion in polyolefins. In this
thesis, two strategies were followed to improve the dispersion efficacy of graphene
in PP: (1) using compatibilizers, and (2) covalent functionalization of graphene.
First part of thesis discusses a new compatibilizer (ethylene butyl acrylate
(EBA)) for graphene/PP nanocomposites, and compares it with a conventional
compatibilizer

(polypropylene-grafted-maleic

anhydride

(PP-g-MA)).

The

nanocomposites were prepared by varying graphene concentrations and
compatibilizer/graphene (C/G) ratio using the conventional melt blending approach.
Increasing C/G reduced the %crystallinity of EBA-compatibilized nanocomposites
whereas a slight decrease in %crystallinity was observed for MA-compatibilized
nanocomposites. The compatibilized nanocomposites showed marked increment in
the tensile modulus where EBA-compatibilized nanocomposites exhibited 44%
increment and MA-compatibilized nanocomposites showed 32% increment at 5 wt%
graphene. However, elongation at break increased significantly with increasing the
compatibilizers compared to neat PP/graphene nanocomposites. Higher values of

viii
elongation at break for EBA-compatibilized nanocomposites is attributed to lower
%crystallinity in these nanocomposites.
In the second approach, various types of amine-functionalized graphenes
have been used to prepare PP/Functionalized-graphene nanocomposites. The
nanocomposites were prepared by melt and solution blending methods. The x-ray
diffraction and transmission electron microscopy confirmed exfoliated and sheet-like
morphology of functionalized graphene. Interestingly, both solution and melt
blended nanocomposites exhibited equivalent tensile moduli. The tensile strength of
solution-blended

nanocomposites

was

lower

than

that

of

melt-blended

nanocomposites. However, the elongation at break increased to 3 times in solutionprocessed nanocomposites.

Keywords:

Graphene,

exfoliation,

dispersion,

compatibilizers, covalent, functionalization.

polyolefins,

polypropylene,
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)Title and Abstract (in Arabic

مركبات الجرافين و البولي بروبلين النانوية
الملخص

تضيف مادة الجرافين النانوية الحجم عند استخدامها كمادة مالئة في تصنيع مركبات
البوليمر بإضافة خصائص متعددة لهذه المركبات ،حيث أن استخدام كمية صغيرة من الجرافين
يمكن أن تؤدي إلى تحسن كبير في خصائص البوليمرات .على الرغم من ذلك ،يعتمد مقدار
التحسن في الخصائص المختلفة بشكل مباشر على درجة تفكيك ( )degree of exfoliationو توزيع
( )dispersionالجرافين خالل منظومة البوليمر باإلضافة إلى توافقه ( )compatibilityمع
البوليمر .من الجدير بالذكر أن الطبيعة غير القطبية للبولي أوليفينات ( )polyolefinsمثل البولي
إيثيلين ( )PEوالبولي بروبلين ) (PPتحد من انتشار الجرافين داخل منظومة البوليمر مما يؤدي
إلى تكتل صفائحه النانوية ( ،)agglomerationبالتالي يحد من التحسينات المتوقعة في الخصائص
و يعيق عملية إنتاج مركبات متجانسة .تركز الجهود المبذولة حاليًا على إيجاد طرق مختلفة
لتحسين االنتشار المتجانس للجرافين في البولي أوليفينات .في هذه الرسالة ،تم اتباع استراتيجيتين
لتحسين انتشار صفائح الجرافين في البولي بروبيلين :عن طريق ) (1استخدام مواد موافقة
( ،)compatibilizersو ( )2تطوير التركيب التساهمي للمجموعات الوظيفية على الجرافين
(.)covalent functionalization of graphene
يناقش الجزء األول من هذه األطروحة استعمال مركب توافقي جديد و هو إيثيلين بيوتيل
أكريليت )) )ethylene butyl acrylate (EBAفي تشكيل المركبات النانوية للجرافين و البولي
بروبلين ،و قد تمت مقارنتها باحدى المركبات التوافقية التقليدية (أنهيدريد الماليك المشبع بالبولي
بروبيلين  .)polypropylene-grafted-maleic anhydride (PP-g-MA) -في هذا الجزء ،تم
تحضير المركبات النانوية باستخدام عدة نسب من الجرافين باالضافة إلى نسب مختلفة من
الجرافين و المادة الموافقة ( )C/Gباستخدام نهج المزج التقليدي باالذابة .في المركبات التي استخدم
فيها  ،EBAأدت زيادة نسبة  C/Gإلى تقليل نسبة البلورة ( )%crystallinityبينما لوحظ انخفاضها
في المركبات المصنعة باستخدام  .MAمن جهة أخرى ،أظهرت المركبات زيادة ملحوظة في
معامل الشد بوجود المواد الموافقة ،حيث أظهرت المركبات المصنعة باستخدام  EBAزيادة بنسبة
 ٪44في معامل الشد بينما أظهرت المركبات التي تحتوي على  MAزيادة بنسبة  ٪32و ذلك عند
استخدام  ٪5بالوزن من الجرافين .باإلضافة إلى ذلك ،لوحظ وجود زيادة كبيرة في االستطالة
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(المرونة) ( )elongation at breakفي هذه المواد المركبة بوجود المادة الموافقة مقارنة مع
مركبات الجرافين و البولي بروبلين النانوية النقية (الخالية من أي مواد موافقة) .و من الجدير
بالذكر أن الزيادة في استطالة المركبات التي تحتوي على مادة  EBAالتوافقية تعود إلى انخفاض
نسبة التبلور نتيجة الستخدام مادة  EBAفي هذه المركبات.
في الجزء الثاني من الدراسة ،تم استخدام أنواع مختلفة من الجرافين األميني الفعال إلعداد
مركبات الجرافين و البولي بروبلين النانوية التي تم تحضيرها بطريقتين :األولى عن طريق المزج
باإلذابة ( )melt blendingو الثانية عن طريق المزج بالمحلول ( .)solution blendingأكد نتائج
الدراسة باألشعة السينية ( )x-ray diffractionحدوث تفكك لطبقات الجرافين المتكدسة بينما
أظهرت صور المجهر اإللكتروني ( )transmission electron microscopyحفاظها على الشكل
الورقي للجرافين .ومن الجدير بالذكر أن المركبات النانوية المحضرة بالطريقتين سجلت معامالت
شد متقاربة .من جهة أخرى ،كانت قوة الشد للمركبات المحضرة بالمحلول أقل من مثيالتها
المحضرة عن طريق المزج باإلذابة .ومع ذلك ،كانت االستطالة (المرونة) في المركبات النانوية
المحضرة بالمحلول أعلى بـ  3مرات من تلك المحضرة عن طريق المزج باإلذابة.
مفاهيم البحث الرئيسية :جرافين ،تفكيك ،انتشار ،بولي أوليفينات ،بولي بروبلين ،مركبات
التوافق ،تساهمي ،تركيب المجموعات الوظيفية.

xi

Acknowledgements
With a grateful heart, I thank Allah for this great opportunity and for giving
me the strength to get to where I am today. I cannot express enough thanks to my
main supervisor Dr. Muhammad Zafar Iqbal, Department of Chemical and Petroleum
Engineering, UAE University, for his continuous support and encouragement. I
would like to extend my thanks to my co-supervisor Prof. Basim Abu-Jdayil,
Department of Chemical and Petroleum Engineering, UAE University; his prompt
response was the reason behind introducing me to this interesting field.
I would like to extend my deepest gratitude to Prof. Yaser Greish (UAEU)
for assistance in mechanical testing, Eng. Ehab Elsaid and Eng. Abdelrahman
Alsallamin (UAEU) for assistance in SEM characterization, Prof. Abbas Khalil
(UAEU) for XRD measurements, Dr. Saeed Tariq (UAEU) for assistance with TEM
characterization, Dr. Ahmed Alzamly (UAEU) for facility use, Saba Hittini, Sharouq
Alzedjali, and Maryam Almamari for assistance in sample preparations. I cannot
forget to mention my colleagues Emmanuel Mubiru, Efstratios Svinterikos, and
Salwa Ahmed who gave me full support and made it easier and fruitful experience.
My special thanks are extended to the chair and all members of the
Department of Chemical and Petroleum Engineering at the United Arab Emirates
University. The financial support for this work through UAEU Research Office
(Grant#31N269 and Grant#31R166) and the partial financial support through
summer undergraduate research experience program (SURE) from UAEU are highly
acknowledged.
Finally, to my loving, caring family and friends, my sincere thanks,
appreciation, and deepest gratitude for your support and encouragement

xii

Dedication

To my beloved parents and family

xiii

Table of Contents
Title ............................................................................................................................... i
Declaration of Original Work ...................................................................................... ii
Copyright .................................................................................................................... iii
Advisory Committee ................................................................................................... iv
Approval of the Master Thesis ..................................................................................... v
Abstract ...................................................................................................................... vii
Title and Abstract (in Arabic) ..................................................................................... ix
Acknowledgements ..................................................................................................... xi
Dedication .................................................................................................................. xii
Table of Contents ...................................................................................................... xiii
List of Tables.............................................................................................................. xv
List of Figures ........................................................................................................... xvi
List of Abbreviations................................................................................................ xvii
Chapter 1: Introduction ................................................................................................ 1
1.1 Overview .................................................................................................... 1
1.2 Relevant Literature ..................................................................................... 2
1.2.1 Nanomaterials and Polymer Nanocomposites.................................... 2
1.2.2 Graphene (G) and Graphene Oxide (GO) .......................................... 5
1.2.3 Polyolefin Nanocomposites................................................................ 8
1.2.4 Key Challenge in Polymer Nanocomposites ...................................... 9
1.2.5 Filler/Polymer Interactions ............................................................... 10
1.3 Thesis Objectives ..................................................................................... 14
Chapter 2: Compatibilized Polypropylene/Graphene Nanocomposites ..................... 16
2.1 Introduction .............................................................................................. 16
2.2 Experimental Section ............................................................................... 19
2.2.1 Materials ........................................................................................... 19
2.2.2 Preparation of Nanocomposites ....................................................... 20
2.3 Characterization ....................................................................................... 21
2.3.1 Fourier-Transform Infrared Spectroscopy (FTIR) ........................... 21
2.3.2 X-ray Diffraction (XRD) .................................................................. 21
2.3.3 Transmission Electron Microscopy (TEM) ...................................... 21
2.3.4 Thermal Characterization ................................................................. 22
2.3.5 Mechanical Testing .......................................................................... 22
2.3.6 Scanning Electron Microscopy (SEM) ............................................ 23
2.4 Results and Discussion............................................................................. 23

xiv
2.4.1 Characterization of Graphene Nanoplatelets (G) ............................. 23
2.4.2 Characterization of Nanocomposites ............................................... 25
2.5 Summary .................................................................................................. 41
Chapter 3: Functionalized Graphene/Polypropylene Nanocomposites...................... 42
3.1 Introduction .............................................................................................. 42
3.2 Experimental Section ............................................................................... 44
3.2.1 Materials ........................................................................................... 44
3.2.2 Synthesis of Functionalized Graphite Oxide .................................... 45
3.2.3 Polypropylene/Functionalized-G Nanocomposites .......................... 46
3.3 Characterization ....................................................................................... 47
3.3.1 Fourier-Transform Infrared Spectroscopy (FTIR) ........................... 47
3.3.2 X-Ray Diffraction (XRD) ................................................................ 47
3.3.3 Transmission Electron Microscopy (TEM) ...................................... 47
3.3.4 Thermal Characterization ................................................................. 48
3.3.5 Mechanical Testing .......................................................................... 48
3.3.6 Scanning Electron Microscopy (SEM) ............................................ 48
3.4 Results and Discussion............................................................................. 49
3.4.1 Characterization of Functionalized Graphene .................................. 49
3.4.2 Characterization of Nanocomposites ............................................... 58
3.5 Summary .................................................................................................. 65
Chapter 4: Conclusions and Future Recommendations ............................................. 66
4.1 Conclusions .............................................................................................. 66
4.2 Future Recommendations ........................................................................ 68
References .................................................................................................................. 69

xv

List of Tables
Table 1: Thermal parameters of pure PP, PP/G, compatibilized PP,
and compatibilized PP/G.............................................................................. 36
Table 2: Elongation at break of pure PP, PP/G,compatibilized PP,
and compatibilized PP/G.............................................................................. 40
Table 3: Thermal properties of PP/Functionalized-G nanocomposites ..................... 62

xvi

List of Figures
Figure 1: Examples of fillers with different dimensions .............................................. 4
Figure 2: Honeycomb structure of graphene ................................................................ 5
Figure 3: Hydroxyl, carboxylic, and epoxy groups in GO structure ............................ 7
Figure 4: Effect of PP-g-MA on large aggregates ..................................................... 12
Figure 5: Polar hydrogen bonding interactions in iPP/SiO2 ...................................... 12
Figure 6: Chemical structures of compatibilizers ...................................................... 20
Figure 7: XRD and FTIR of graphene ....................................................................... 24
Figure 8: SEM and TEM images of graphene ........................................................... 25
Figure 9: XRD traces for compatibilized PP and PP/G ............................................. 26
Figure 10: SEM of neat PP, compatibilized PP and PP/G ......................................... 27
Figure 11: Thermal stability of pure and compatibilized PP. .................................... 28
Figure 12: Thermal stability of graphene and compatibilized PP/G. ......................... 29
Figure 13: DSC exothermic curves of compatibilized PP and PP/G ......................... 31
Figure 14: DSC endothermic curves of compatibilized PP and PP/G ....................... 32
Figure 15: Melting and crystallization temperatures of PP/G .................................... 33
Figure 16: Crystallinity (%) of PP/G, compatibilized PP and PP/G .......................... 35
Figure 17: Stress-strain curves of PP, PP/EBA, and PP/MA ..................................... 37
Figure 18: Young’s modulus and strength of compatibilized PP/G .......................... 39
Figure 19: Chemical structures of G-TEPA, G-ODA, and OA ................................. 45
Figure 20: FTIR spectra of G, OG, G-TEPA, and G-ODA ....................................... 50
Figure 21: FTIR spectra of OG, OG-OA, and OA..................................................... 51
Figure 22: XRD traces for G and functionalzied G ................................................... 53
Figure 23: TEM images of G, G-TEPA, and G-ODA ............................................... 54
Figure 24: SEM and TEM images of OG-OA ........................................................... 55
Figure 25: Thermal stability of functionalized G....................................................... 57
Figure 26: Thermal stability of PP/Functionalized-G ................................................ 58
Figure 27: SEM images of pure PP, PP/OG (melt), and PP/OG-OA ........................ 59
Figure 28: DSC exothermic curves of PP/Functionalized-G ..................................... 60
Figure 29: DSC endothermic curves of PP/Functionalized-G ................................... 61
Figure 30: Young’s modulus and strength of PP/Functionalized-G .......................... 63
Figure 31: Elongation at break of PP/Functionalized-G ............................................ 64

xvii

List of Abbreviations
ε

Elongation at break

ρ

Density



Weight fraction of inclusions in the matrix

ΔH°

Enthalpy of melting of the 100% crystalline PP

ΔHC

Enthalpy of crystallization

ΔHm

Enthalpy of fusion

ΔHm

Enthalpy of melting

1D

One-dimensional

2D

Two-dimensional

3D

Three-dimensional

ASTM

American Society for Testing and Materials

CaCO3

Calcium carbonate

C/G

Compatibilizer/graphene

CNTs

Carbon nanotubes

Cu

Copper

DMF

N,N-dimethylformamide

DSC

Differential scanning calorimeter

EBA

Ethylene butyl acrylate

FTIR

Fourier-Transform Infrared Spectroscopy

G

Graphene nanoplatelets

G-ODA

Reduced graphene oxide functionalized with octadecylamine

G-TEPA

Reduced graphene oxide functionalized with tetraethylene pentamine

GNS

Graphene nanosheets

GNSs

Graphene nanosheets

xviii
GO

Graphene oxide

GO-D

Octadecylamine functionalized graphene oxide

GONS

Graphene oxide nanosheets

lb

Pound

iPP

Isotatic polypropylene

iPP/FGs

Isotactic polypropylene/functionalized graphene sheets

KBr

Potassium bromide

LLDPE/clay

Low density polyethylene/clay

MA

Maleic anhydride

MDI

4,4′-diphenylmethane diisocyanate

MPa

Megapascal

MWNT

Multi-walled carbon nanotube

OA

4,4′-oxydianiline

OG

Oxidized graphite

OG-OA

OG-functionalized with OA

PA

Polyamide

PE

Polyethylene

PE/TRG

Polyethylene/thermally reduced graphene

PET

Polyethylene terephthalate

PMMA

Poly(methyl methacrylate)

PNCs

Polymer nanocomposites

PP

Polypropylene

PP-g-MA

Maleic anhydride-grafted-polypropylene

PP/FG

Polypropylene/Functionalized-graphene

PP/FGO

Polypropylene/functionalized graphene oxide

PP/G

Polypropylene/graphene

xix
PPy/GR

Polypyrrole/graphene

PS

Polystyrene

PVC

Polyvinylchloride

RPM

Revolutions per minute

RT

Room temperature

SEM

Scanning electron microscopy

SiO2

Silica

SOCl2

Thionyl chloride

SWNT

Single-walled carbon nanotube

TC

Crystallization temperature

Td

Thermal decomposition temperature

TEM

Transmission Electron Microscopy

TGA

Thermogravimetric analysis

TiO2

Titanium dioxide

Tm

Melting temperature

TRG

Thermally reduced graphene

Xc

Crystallinity

XRD

X-ray diffraction

1

Chapter 1: Introduction
1.1 Overview
Over the past few decades, the need of novel materials has led to the revolution
of composite materials. In general, composites are state-of-the-art materials with
superior properties prepared by combining different types of materials possessing
various excellent properties [1].
Among all engineering materials, polymeric systems have become ubiquitous,
primarily for their high ratio of strength to density, ease of processing and relatively
low energy consumption required in manufacturing [2].
Chemically, polymers are long-chain molecules of very high molecular weight,
therefore, they are known as “macromolecules” [3]. Polymers vary from liquids and
soft rubbers to hard and rigid solids [4]. At first, natural polymers, such as cotton,
starch, proteins, and wool were widely used. In the twentieth century, synthetic
polymers were made, most importantly, Bakelite and nylon [3]. Over the past decades,
large volume of polymer-based materials has been employed in different applications
for their softness, transparency [5], lightweight, low cost, and easily processing
features [6]. For example, petrochemical-based plastics such as polyethylene
terephthalate (PET), polyvinylchloride (PVC), polyethylene (PE), polypropylene (PP),
polystyrene (PS) and polyamide (PA) have been increasingly used as packaging
materials for their good mechanical performance such as tensile and tear strength; good
barrier to oxygen, carbon dioxide, anhydride and aroma compound; heat sealability,
and many more [5].
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Generally, most polymers show inadequate mechanical and thermal properties
required for most of the engineering applications [2]. For example, when compared to
metals and ceramics, polymer systems show lower modulus and strength [7].
One of the commonly used practices to enhance the mechanical properties of
polymers is to compound them with inclusions. By doing so, along with their light
weight and ductile nature, the newly produced composites will show exceptional
properties that cannot be achieved by either phase alone [7]. Interestingly, a significant
betterment in the properties of polymers can be achieved using relatively low filler
contents depending on the type and structure of the filler used [8].
Polymer composites are fabricated commercially to fulfil the requirements of
a variety of applications such as sporting goods, aerospace components, automobiles
[9], weapons [10], food packaging, and tissue engineering [11].
1.2 Relevant Literature
1.2.1 Nanomaterials and Polymer Nanocomposites
Recently, the new strategy for manufacturing and processing materials at the
atomic and molecular levels is drawing a great deal of attention for the sake of
developing lighter, thinner, stronger, and cheaper structures to be used in a variety of
applications [1]. In order to overcome the limitations of the traditional micrometer
scale fillers, nanoscale fillers, which are usually free of defects, are being used as highpotential filler materials to enhance the mechanical and physical properties of the
composites [12]. In the literature, these nanomaterials are commonly known as
nanofillers, nanoparticles, nanoscale building blocks or nanoreinforcements [13].
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In fact, nanomaterials exhibit high surface area for a given volume [14], which
is the main reason behind the large interphase region in nanocomposites [8]. More
importantly, nanoparticles show uniform and homogeneous dispersion in various
polymer matrices leading to high matrix-filler interfacial area, which is responsible for
changing relaxation behaviour besides the molecular mobility, mechanical, and
thermal properties [12]. When the nanoparticles are well-dispersed, a large interfacial
region will be formed, and thus, can alter the nearby matrix for several radii of gyration
[15]. A co-continuous network of affected polymer chains will be produced [16],
leading to major changes in the thermal and mechanical properties.
Nanofillers can be organic or inorganic in nature. Organic nanofillers include
coir nanofiller, carbon black, and cellulosic nanofiller. On the other hand, silica (SiO2),
titanium dioxide (TiO2), and calcium carbonate (CaCO3) are considered as inorganic
nanofillers [12]. Another common way to categorize nanomaterials is based on their
geometries into three main classes, particulates, layered, and fibrous materials.
Accordingly, carbon black and silica are classified as nanoparticles whereas nanofibers
and carbon nanotubes are examples of fibrous materials [14]. On the other hand,
nanofillers can be categorized according to their dimensions into zero-dimensional
(nanoparticle), one-dimensional (nanofiber), two-dimensional (nanolayer), and threedimensional (interpenetrating network) systems (Figure 1 shows examples of fillers
with different dimensions). According to this classification, traditional carbon black
and fumed silica are zero-dimensional nanoparticles [11]. One-dimensional (1D)
nanomaterials are wires [17], fiber or tube fillers [18]. For example, alumina
nanofibers and carbon nanotubes are one-dimensional nanofillers [11]. This class has
a diameter <100 nm and an aspect ratio of at least 100 [18]. For particles and fibers,
the smaller the diameter, the greater the surface area per unit volume, as the surface
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area per unit volume is inversely proportional to the material’s diameter [14]. Twodimensional (2D) systems refer to coatings and nanofilms, such as silicate layers of
nanometer thickness and high aspect ratio (30-10,000). Three-dimensional (3D)
nanofillers are basically the solids that are used to make bulk parts [17].

Figure 1: Examples of fillers with different dimensions

Nowadays, nanocomposites are attracting tremendous interest as promising
materials with ultrafine phase dimensions [19]. Indeed, high filler loadings (60 vol%)
are used in traditional composites whereas in nanocomposites, considerable
enhancement in the properties can be achieved using very low nanofiller contents (2
vol%) [20]. Nanocomposites are fabricated by merging polymer matrices with fillers
that have at least one of their dimensions at the nanometer scale (<100 nm) [13, 21].
However, the final product does not have to be at the nanoscale; it can be micro- or
macroscopic in size. In such materials, molecular-level mixing leads to significant
property enhancements compared to conventional composites, such as strength,
stiffness, thermal and oxidative stability, barrier properties, self-extinguishing
behaviour, tunable biodegradability [11, 22], and many more. Nanocomposites exhibit
novel properties and have diverse potential applications in a variety of fields such as
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aerospace, auto-motives, biotechnology applications [11], energy, electronic nanodevices, catalysis, sensors [23], and food packaging [24].
1.2.2 Graphene (G) and Graphene Oxide (GO)
Owing to their remarkable characteristics, carbon nanofillers such as
nanographite [25], graphene sheets [26], carbon nanotubes (CNTs) [27], and their
derivatives are attracting much attention, especially after proving their efficiency in
reinforcing the properties of different polymers.
Graphene is a 2D material composed of a single layer of sp2-hybridized carbon
atoms arranged in a honeycomb structure, studied vastly since its discovery in 2004
[28, 29] as a nanofiller for polymers. The distance between carbon atoms in the C-C
bond is 0.142 nm (1.42 Å) [30], as shown in Figure 2. Graphene is the building block
of several carbon-based nanostructures, such as single-walled carbon nanotube
(SWNT), which is a rolled-up single graphene sheet, and multi-walled carbon
nanotube (MWNT), which is comprised of multiple SWNTs arranged around a central
core [31].

Figure 2: Honeycomb structure of graphene with C-C bond length of 0.142 nm [32]
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Structurally, graphene is considered as a macromolecule (MW ~106-107 g/mol
[33]). Excellent properties such as strength ~130 GPa [29], very high specific surface
area (theoretically ~2630 m2/g), the Young’s modulus (~1 TPa), intrinsic mobility
(~200,000 cm2/v/s), very high thermal conductivity (~5000 WmK-1) [34], electrical
conductivity (~6000 S/cm) [35],

and optical transmittance (~98%) [36] make

graphene a versatile candidate as a functional filler for polymer nanocomposites.
Moreover, as a result of the amazing ultrahigh aspect ratio, when used as a filler at
very low percolation thresholds, graphene can result in dramatic changes in the
properties [32]. In recent years, graphene has appeared as a rising star in material
science and is considered suitable for multiple applications such as electronic devices
[37], biotechnology, energy storage devices memory, sensors [38], improved batteries,
super capacitors, solar cells, transistor fabrication, and water purification as well [39].
Graphene oxide (GO) is an exfoliated form of graphite oxide, also sometimes
called single layer graphite oxide. Since the 19th century, oxidation treatment of natural
graphite flakes is used to produce graphene oxide sheets [31, 40, 41]. Nowadays, most
researchers tend to produce graphene oxide nanosheets (GONS) by exfoliating bulk
graphite oxide through ultrasonic vibration or thermal shock [42].
In GO, the oxygen functionalities such as hydroxyl, carboxylic, and epoxy
groups reside on both sides of each carbon layer (the basal planes) [43], as shown in
Figure 3. Nevertheless, the reaction conditions for oxidizing graphite to graphite oxide
leading to GO formation dictate exact nature of functional groups on GO. The oxygencontaining groups are covalently and randomly attached to the graphene surface. It
was found that only few oxygen atoms are in the form of carboxyl, carbonyl, phenol,
lactone, and quinone groups, which are located at the sheet edges, since most of the
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oxygen is found on the basal plane as hydroxyl and epoxy groups [44]. About 45% of
the GO mass consists of carbon [33].

Figure 3: Hydroxyl, carboxylic, and epoxy groups in GO structure [reproduced with
permission from [44]]

In GO, the covalent oxygenated functional groups lead to notable structural
defects, resulting in reduced electrical conductivity [45], consequently restricting
immediate employment of GO in electrically active materials. In contrast, these
functionalities on GO also lead to various applications. For example, GO is strongly
hydrophilic compared to reduced GO which is hydrophobic. The hydrophilic GO
shows high solubility in polar solvents such as water [46] and polar polymers [47, 48].
In addition, polarities on GO are considered very important in further derivatization
(functionalization) chemistry which can also help in dispersing GO in nonpolar
solvents and polymers. Compared to other graphene-based nanofillers, improved
GO/polymer interactions lead to a homogeneous dispersion which, consequently,
upgrades the overall composite performance [32]. For example, it was proved by
Huang et al. [27] that GO has a higher potential in enhancing the overall properties of
polymer nanocomposites compared to carbon nanotubes (CNTs).
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1.2.3 Polyolefin Nanocomposites
The effective dispersion of nanoparticles in polymers determines the final
properties of the nanocomposites. The effective dispersion is a function of the nature
of the polymer (hydrophobic [49, 50], or hydrophilic [51, 52]), nature of functional
groups on filler, and filler/polymer interactions. For instance, it was reported by many
studies that graphene achieves good dispersion in polar matrices such as poly(methyl
methacrylate), polycarbonate, and poly(ethylene naphthalate) [35, 53].
The agglomeration of graphene sheets inside the polymer matrix is a serious
and common drawback in scale-up of graphene-based nanocomposites. The main
factors behind this agglomeration are the strong van der Waals forces between
graphene sheets and the weak compatibility with most non-polar polymers [54].
Different researches have proved that the solution blending method generates a fine
dispersion of graphene in the polymer matrix, without affecting the electrical
properties [55]. Polyolefin nanocomposites are attractive candidates for various
applications, especially in which cost and weight reduction, dimensional stability,
opacity, heat stability, and process-ability [56] are important. Owing to the non-polar
nature of polyolefins [50], homogenous dispersion of nanofillers in polyolefins, such
as polyethylene [53] and polypropylene [57], is a significant challenge. Polypropylene
(PP) is one of the most widely used thermoplastics owing to its ease of processing and
low cost. PP/graphene nanocomposites can be manufactured via various methods
including melt blending [58, 59], in-situ polymerization [60], and solution blending
[61, 62]. However, due to the highly non-polar nature, dispersion of nanofillers in PP
is a great challenge [63].

9
To overcome this delimma, a homogenous dispersion of graphene into PP
matrix can be obtained by covalent interaction, using surface-functionalized graphene
or graphene oxide (GO) [64], or noncovalent interaction, via compatibilizer/elastomers
[65]. The methods to improve dispersion of nanofillers in polymers are briefly
discussed in the proceeding section.
1.2.4 Key Challenge in Polymer Nanocomposites
A major challenge to further development of the performance of polymer/filler
nanocomposites is to create an excellent interfacial interaction between the polymer
matrix and the filler. A stronger interaction results in manufacturing higher
performance materials [10].
One of the keys to achieve a better interaction between the polymer matrix and
the filler is to strengthen the polymer/filler interface [10]. For this sake, four strategies
are generally adopted:
a) Chemical or physical surface modification of the filler [66, 67],
b) Polymer functionalization [68],
c) Using compatibilizer [69, 70], and
d) Via in-situ polymerization method [31, 42].
In the following section, these strategies are briefly discussed.
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1.2.5 Filler/Polymer Interactions
1.2.5.1 Surface Modification of the Filler
Some nanofillers, such as CNTs and graphene, do not contain any functional
groups on their bare surfaces. Therefore, there are no anchoring points where polymer
chains could be linked or attracted towards the filler particles. In order to produce
anchoring points, organic functional groups are attached to the filler surface, which
leads to increased filler/polymer interactions. Several reports have shown successful
use of filler functionalization in increasing the effective dispersion of fillers, leading
to marked improvements in functional properties at very low loadings of the
functionalized fillers. For example, CNTs agglomerate in polymer matrix due to poor
interactions. Essentially, the chemical modification on CNTs can be accomplished
through direct addition to the nanotube wall and functionalization at defect sites [71].
Ramanathan

et

al.

[72]

reported

methacrylate)/amide-functionalized

promising

CNTs

results

for

(PMMA/functionalized

poly(methyl
SWNTs)

nanocomposites. A remarkable increase in both mechanical and electrical properties
was observed even at very low loadings 1 wt% (0.5 vol%). The nanotubes were well
dispersed due to increased interfacial interactions. In another report, Zhu et al. [73]
functionalized SWNTs to enhance their dispersion and integration in epoxy
composites. As a result, for 1 wt% loading of the functionalized SWNTs, they obtained
30% increase in modulus and 15% increase in strength.
1.3.5.2 Polymer Functionalization
Considerable efforts using modified oligomers have been devoted to develop
nonpolar polymer/clay nanocomposites. Melt intercalation method is used to prepare
nonpolar polymer/silicate nanocomposites by adding organic modifiers (oligomers).
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The key advantage of using modified oligomers is to mediate the polarity between the
hydrophilic silicate surface and the hydrophobic matrix [74].
Maleic anhydride grafted polyethylene (maleated polyethylene)/clay (PE/clay)
nanocomposites were prepared by Wang et al., and the effect of grafting level of maleic
anhydride (MA) on the morphology was reported [75]. The results illustrated that two
main factors: the hydrophilicity of PE grafted with maleic anhydride (MA) and the
chain length of the organic modifier, can directly alter the exfoliation and the
intercalation behaviour of clay. It was concluded that a complete exfoliation in PE/clay
nanocomposites was obtained using a PE grafting level of MA that is higher than 0.1
wt% (the critical grafting level of MA) and an alkylamine chain with more than 16
methylene groups.
1.2.5.3 Compatibilized Polymer Nanocomposites
Functionalization of the polymer matrix is one of the commonly used
approaches to increase the dispersion of nanoreinforcements, especially in polyolefins
[50]. This strategy is based on building hybrid, or ternary polymer composites, where
in addition to the matrix and the filler, a compatibilizing agent is added [65] to increase
filler dispersion. For example, due to the absence of polar groups in PE, inclusion of
an amphiphilic compatibilizer, containing polar and nonpolar groups, can create a
linkage between the matrix and the filler [56]. Successfully, Valdes et al. have
improved the exfoliation of clay in linear low density polyethylene/clay (LLDPE/clay)
nanocomposites using zinc neutralized carboxylate ionomer, which is made from
ethylene-acid copolymer, as a compatibilizing agent [76]. The exfoliation of clay
platelets was encouraged through ionomeric compatibilization. Consequently, the
nanocomposites showed improved stability and thermal properties.
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The use of anhydride groups in chemical modification of polyolefin matrices
to overcome the poor phase adhesion in these resins has shown to be very effective.
Maleic anhydride-grafted-polypropylene (PP-g-MA) is an industrially used modifier
used to improve the polarity of PP masterbatches [77]. In principle, PP-g-MA reduces
filler aggregate size into smaller particles (Figure 4), consequently enhancing the
dispersion of the filler in polymer. This effect can be attributed to the polar interactions
created between PP-g-MA and the surface polar groups of nanofillers such as the
hydrogen bonding created between PP-g-MA and silica (SiO2) in iPP/SiO2
nanocomposites [78], as shown in Figure 5.

Figure 4: Effect of PP-g-MA on large aggregates [78]

Figure 5: Polar hydrogen bonding interactions created between PP-g-MA and SiO2 in
iPP/SiO2 nanocomposites [78]

The effect of using PP-g-MA in PP/graphite hybrid nanocomposites was
examined by Page and Gopakumar [79]. In their work, they were able to promote the
exfoliation and dispersion of graphite aggregates in PP using PP-g-MA and graphite
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oxide. The resulting nanocomposites showed excellent flexural properties and impact
strength. The addition of PP-g-MA/GO/G increased the modulus (50%), flexural
strength (25%) as well as the impact strength. Both PP-g-MA and graphite oxide
worked on encouraging the physical interactions between graphite and PP chains.
When compared to neat PP, the crystallinity of the nanocomposites was increased up
to 20% higher and the crystallization temperature was increased up to 15°C higher.
Although grafting copolymerization using maleic anhydride has proven to
effectively make PP polar, yet, the polarity is still very low. Chlorination is another
method to increase the polarity of PP. However, from an industrial perspective, the
polarity of the modified PP by chlorine is also considered low. Thereby, with aim of
meeting the industrial needs, Fu et al. applied a new procedure to modify PP and
improve its polarity [77]. PP was first modified by MA to produce PP-g-MA, which
was further chlorinated. This procedure showed significant improvements in the
surface tension, light transmission, particle size and tensile strength of Cl-PP-g-MA
compared to PP-g-MA. The study revealed that grafting chlorine onto PP-g-MA has
remarkably improved the polarity of PP, and consequently, increased both the surface
tension and tensile strength; however, the light transmission and the particle size were
decreased.
1.2.5.4 In-situ Polymerization of Monomer on Filler Surface
In in-situ polymerization, monomers are grown over the nanofiller surface.
Hence, the resultant covalent interaction between monomers and fillers can lead to
very strong interactions. Hu et al. [42] polymerized styrene (PS) in the presence of
graphene nanosheets (GNS) and prepared PS/GNS nanocomposites via in-situ
emulsion polymerization of styrene monomer and reduction of GO using hydrazine
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hydrate. A molecular level dispersion was achieved between graphene and PS chains,
which was further confirmed using transmission electron microscopy. The electrical
conductivity increased from 1.010-10 S/m for neat PS up to 2.910-2 S/m for 2 wt%
nanocomposites. In addition, thermal stability increased from 270-420°C range for PS
up to 350-450°C range in the nanocomposites, due to the strong PS/GNS interactions.
Similarly, Bose et al. [80] fabricated polypyrrole/graphene (PPy/GR)
nanocomposites via in-situ polymerization of graphite oxide (GO) and pyrrole
monomer followed by chemical reduction using hydrazine monohydrate. The study
suggested that the high aspect ratio and large surface area of the in-situ formed
graphene nanosheets were the reason behind the high conductivity values of the
nanocomposites compared to pure polypyrrole (0.19 S/cm). For example, PPyGO3,
with weight ratio of 80:20 (pyrrole to graphite oxide), showed a conductivity of 1.64
S/cm. It is believed that this considerable increase arises from the π- π stacking
between GO layers and PPy matrix. The nanocomposites exhibited further increase in
their conductivities after reduction. Based on the thermogravimetric analysis (TGA)
results, the in-situ formed graphene nanosheets has remarkably increased the thermal
stability of the nanocomposites. However, the thermal stability of PPy/GR
nanocomposites was better compared to PPy/GO nanocomposites.
1.3 Thesis Objectives
The main objective of this thesis is to enhance the dispersion of graphene in
polypropylene matrix leading to a homogenous dispersion of graphene. Two strategies
are followed: 1) the inclusion of compatibilizers, and 2) functionalization of graphene.
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Overall, the goal is to develop mechanically and thermally robust graphene/PP
nanocomposites. The nanocomposites are prepared via melt and solution blending
approaches with varying graphene concentrations. Various techniques, including
mechanical, thermal, and morphological are used to characterize the nanocomposites.
This thesis includes four chapters. Chapter 1 covers an overall literature review
of polymers, nanomaterials and polymer nanocomposites. The next two chapters,
Chapter 2 and Chapter 3, cover the strategies used to increase the dispersion of
graphene in polypropylene. The effects of using compatibilizers on the interaction
between polypropylene and graphene are discussed in Chapter 2. Chapter 3 contains
the effect of chemical surface modification of graphene (functionalization of graphene)
on the properties of graphene/PP nanocomposites. Finally, Chapter 4 includes a
summary of the findings, conclusions, and future recommendations.
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Chapter 2: Compatibilized Polypropylene/Graphene Nanocomposites
2.1 Introduction
Polymer nanocomposites are receiving tremendous interests in materials
research to create multifunctional polymeric systems. In polymer nanocomposites
(PNCs), polymers are mixed with a reinforcing, high aspect ratio inorganic filler
(aspect ratio (length/height) >300) having at least one-dimension in the nanometer
range [81]. A small amount of the nanomaterial can significantly alter polymer
properties [82]. Unlike the conventional composites, PNCs combine the low weight
and inherent process-ability of polymers with improved performance prompted by the
nanofillers [81].
Diverse studies have proved that the use of nanomaterials can dramatically
change the overall behaviour of the matrix. However, defects such as cracks are one
of the reasons behind specimen’s failure leading to decrease in the intended properties.
According to Griffith [83] and Weibull [84], if a material is smaller than a critical
crack length, it has a better chance to achieve the maximum theoretical strength.
Thereby, the smaller the material is the stronger it becomes.
Dispersion, homogeneity, and compatibility of nanofillers with polymer
matrices controls the final properties of the nanocomposites [35]. A well-dispersed
state of the filler is required to accomplish the maximum possible property
reinforcement [85]. For example, in perfectly exfoliated systems, better mechanical
properties are observed, such as increased tensile and flexural properties, which is
assigned to effective stress transfer from matrix to the filler throughout the
homogenous structure [81]. On the other hand, the inter-particle interactions, such as
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van der Waal forces in nanomaterial agglomerates, lead to reduced dispersion in
polymers [86]. Therefore, in order to exploit nanofillers to their potential, the challenge
of poor dispersion must be overcome.
Graphene, the latest carbon allotrope, is a single layer of sp2-hybridized carbon
atoms arranged in a honeycomb lattice [87]. The intense use of graphene in
multifunctional polymer nanocomposites is driven by its attractive characteristics,
such as unusual physics and superior capabilities [50, 85, 88]. High crystal quality and
aspect ratio [87], extremely high intrinsic strength [35], unusual energy dispersion
relation, and extraordinary high room temperature (RT) thermal conductivity [34]
make graphene a good candidate for a variety of applications. In addition, due to the
massless Dirac fermions behaviour of the quasiparticles, the electronic properties of
graphene follow the physics of quantum electrodynamics [87]. In general, properties
of graphene/polymer nanocomposites are mainly controlled by dispersion and
adhesion between graphene and the host polymer [35]. The sheet-like structure of
graphene forces the sheets to agglomerate due to their high surface area [81] and
extremely high aspect ratio [89], leading to poor dispersion as a result of
agglomeration. Similarly, high contents of silica (SiO2) nanoparticles (>2.5 wt%) in
polymer matrix can cause a decrease in the mechanical properties due to the formation
of strong aggregates [90].
Considering the non-polar nature of polyolefins, low exfoliation and poor
dispersion of nanofillers such as graphene [91] and clay [92] in polypropylene (PP)
creates a significant challenge in the fabrication of efficient PP nanocomposites. For
this reason, studies to enhance the dispersion of nanofillers in PP are gaining much
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attention. Modification of PP with polar oligomers has turned out to be an effective
strategy for increasing the compatibility between the non-polar PP and nanofillers [92].
The polyolefin-grafted-maleic anhydride (such as PP-g-MA or PE-g-MA) is a
common polar coupling agent primarily used to increase the polarity of polyolefins,
such as PP and polyethylene (PE). The inclusion of PP-g-MA enhances the dispersion
of polar nanofillers in non-polar PP matrix through the formation of finer particles
from large aggregates. Bikiaris et al. [78] linked the enhanced compatibility and
interfacial adhesion between isotactic PP and SiO2 nanoparticles in iPP/SiO2
nanocomposites to the strong polar hydrogen bonding interactions created between
maleic anhydride groups of PP-g-MA and the surface hydroxyl groups of SiO2.
A considerable improvement in mechanical properties of PP/organo-clay
nanocomposites was reported by Reichert et al. [86]. About 132% increase in Young’s
modulus and 32% increase in yield stress were obtained at 20 wt% PP-g-MA. The xray diffraction showed much broader peaks, associated with the increased inter-layer
distance due to the exfoliation of silicate in PP. In another report, the modulus and the
tensile strength of PP were improved by 42%, and 5.5%, respectively, when 21 wt%
of PP-g-MA was added to PP/clay nanocomposites [92]. However, another
compatibilizer, diethyl maleate grafted polypropylene (PP-g-DEM), was used for
comparison. In another approach, Gopakumar and Page [93] reported successful
nanoscale dispersion of graphite nanosheets in PP/graphite nanocomposites when PPg-MA and graphite oxide were used as interface modifiers. The interfacial
modification successfully enhanced the dispersion of graphite sheets in PP. However,
the detection of graphite sheets by scanning electron microscopy was difficult due to
the high extent of exfoliation. Mittal and Chaudhry [94] reported that the tensile
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modulus of polyethylene/thermally reduced graphene (PE/TRG) nanocomposites
enhanced by 34% and 16% when ethylene butyl acrylate (EBA) copolymer and PE-gMA were used as compatibilizers, respectively. The study revealed that compared to
PE-g-MA, EBA exhibited better interactions with the graphene surface, therefore,
higher exfoliation and distribution of graphene in PE was observed. Also, Osman et
al. [95] used MA-g-PE in PE/nano-clay hybrids to improve the exfoliation and
dispersion of silicate layers. The tensile strength and the tensile modulus were 1.4 and
1.8 times higher compared to neat PE, respectively. Furthermore, the exfoliation as
well as the homogeneous dispersion of silicate layers were confirmed by transmission
electron microscopy.
In this work, PP/graphene nanocomposites were prepared by melt blending
method at varying graphene concentrations. A new copolymer compatibilizer,
poly(ethylene-co-butyl acrylate) (EBA) has been investigated to increase the
dispersion of graphene in PP. The results were compared with PP/graphene
nanocomposites prepared using a conventional compatibilizer, polypropylene-graftedmaleic anyhdride (PP-g-MA).
2.2 Experimental Section
2.2.1 Materials
Polypropylene (ρ = 0.91 g/cm3, Tm = 163°C) (Advanced-PP 1128 N, Advanced
Petrochemical Company), graphene nanoplatelets (750 m2/g, 900407, Sigma-Aldrich),
polypropylene-grafted-maleic anhydride containing 8-10 wt% maleic anhydride
(427845, Sigma-Aldrich), ethylene butyl acrylate copolymer containing 17 wt% butyl
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acrylate (Elvaloy AC 3117, DuPont) were used as received without any further
purification. The chemical structures of EBA [96] and MA are shown in Figure 6.
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Figure 6: Chemical structures of (a) ethylene butyl acrylate (EBA) and (b)
polypropylene-grafted-maleic anhydride (MA)

2.2.2 Preparation of Nanocomposites
Polypropylene/graphene (PP/G) nanocomposites were prepared by melt
blending using a twin-screw counter-rotating micro-compounder (Haake MiniLab II,
ThermoFisher Scientific). Typically, ~4 g of PP and appropriate amounts of G and the
compatibilizer (PP-g-MA or EBA) were dry mixed in a container, followed by melt
mixing in a micro-compounder at 100 RPM and 170°C for 10 minutes to achieve
uniform distribution. After homogenization, samples were flushed out in the form of
short fibers. The extrudate were cut manually into small pieces (2-3 mm) for
compression moulding. Samples were heated inside a Carver hydraulic press at 190°C
for 10 minutes followed by pressing for 8 minutes at 10,000 lb pressure into sheets
(4×4 in2, ~1 mm thick). The samples were cooled for 2 minutes under pressure.
Samples for tensile testing were cut from the pressed sheets using a manual cutter
(Pioneer Die-tecs) using ASTM D-638-V die into standard dumbbell-shaped
specimens. The thickness of each specimen was measured using a 0.001 mm resolution
micrometer.
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2.3 Characterization
2.3.1 Fourier-Transform Infrared Spectroscopy (FTIR)
Thermo/Nicolet Nexus 470 ESP FT-IR Spectrometer (USA) was used to
collect the Fourier transform infrared spectrum of graphene over the spectral range
400-5000 cm-1. A thin potassium bromide (KBr) pellet was used as background (200
mg KBr). An extremely small amount of graphene (~1 mg) was dispersed in 20 mL
acetone (non-solvent) via bath sonication for 15 minutes at room temperature. About
2-3 drops of graphene suspension were dropped on the KBr pellet, and left to dry for
10 minutes to ensure complete evaporation of acetone. The FTIR spectrum was taken
on dried KBr pellet.
2.3.2 X-ray Diffraction (XRD)
X-ray diffraction (XRD) measurements were carried out using a Shimadzu6100 powder XRD diffractometer (XRD-6100) using 40 kV and 30 mA working
voltage and current, respectively, and Cu-Kα radiation (λ = 1.542 Å). The XRD data
was collected over the range 5°≤2θ≤35° for graphene and over the range 5°≤2θ≤50°
for polymer samples with a scanning speed of 2°/min at room temperature.
2.3.3 Transmission Electron Microscopy (TEM)
TEM images were taken using FEI TECNAI G2 SPIRIT BioTwin
Transmission Electron Microscope with an acceleration voltage of 120 kV. A very
small amount of graphene was dispersed in 15 mL acetone and sonicated for 15
minutes in a bath sonicator. The graphene suspension was diluted by pouring half of
the dispersion, adding acetone to the remaining part, and sonicating for another 30
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minutes. About 2-3 drops of the diluted suspension were dropped on a
Formvar/Carbon Film Coated, 200 mesh, Cu TEM grid and allowed to dry for 15
minutes before testing.
2.3.4 Thermal Characterization
Thermal properties such as melting temperature (Tm), enthalpy of fusion
(ΔHm), crystallization temperature (TC), enthalpy of crystallization (ΔHC), and
percentage crystallinity of the nanocomposites were determined using a TA Instrument
differential scanning calorimeter (DSC) (Discovery 25, USA). The samples were
heated from room temperature to 220°C at 50°C/min to remove thermal history.
Samples were cooled down to -30°C at 10°C/min to record TC, followed by subsequent
heating at 10°C/min to 200°C to record Tm. All experiments were carried out under
inert nitrogen flow of ~50 mL/min. The thermal stability and degradation of G and
PP/G nanocomposites were evaluated by thermogravimetric analysis (TGA) (Q200,
TA Instruments, USA). Samples were heated at a heating rate of 20°C/min to 800°C.
All TGA runs were conducted under inert nitrogen flow of ~50 mL/min.
2.3.5 Mechanical Testing
Mechanical properties were determined by a Universal Tensile Testing
Machine (Shimadzu, AGS-X Series, 10 kN) following ASTM D638 at an extension
rate of 1 mm/min at room temperature. At least, three specimens were tested for each
sample and the tensile properties were averaged.
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2.3.6 Scanning Electron Microscopy (SEM)
The SEM images were obtained using a JEOL JSM-6390A Scanning Electron
Microscope. Graphene was dispersed in 10 mL acetone via bath sonication for 15
minutes at room temperature. About 2-3 drops of the graphene suspension were
dropped on the sample holder followed by drying for 10 minutes before testing. For
fractured-surface morphology, the resultant fracture surface after the tensile testing
was used. Samples were sputter coated with a gold layer using JEOL JFC-1600 Auto
Fine Coater for 90 seconds. The sputter coater deposited gold at pressure 5-7 Pa with
a plasma current of 30 mA.
2.4 Results and Discussion
2.4.1 Characterization of Graphene Nanoplatelets (G)
The exfoliated nature of graphene was studied using XRD (Figure 7a). A single
graphitic peak at 2θ = ~26.14° [97] with an inter-layer spacing of d ~3.41 nm
(calculated using Bragg’s law) was observed, corresponding to the (002) crystalline
plane of graphene nanoplatelets. The particle size of G was calculated to be 5.8 nm
using the Scherrer equation [98], showing that the platelets are not composed of single
graphene layer. A similar diffraction pattern was observed for G before [99, 100].
The chemical nature of graphene was studied using FTIR (Figure 7b). The
intrinsic graphitic C=C double bond stretching vibrations was observed at ~1650 cm-1
and ~1700 cm-1 [99]. A weak band at ~1220 cm-1 corresponding to C-O stretching
vibrations was also observed [101]. A broad peak at ~3500 cm-1 attributed to O-H
stretching vibrations was observed [99, 101] which is attributed to adsorbed moisture
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from the environment (not shown here). Due to moisture adsorption, graphene was
dried under vacuum before making polymer nanocomposites.

Figure 7: (a) XRD pattern and (b) FTIR spectrum of graphene nanoplatelets (G)

The morphology and microstructure of graphene were characterized using
SEM and TEM. As it can be observed in Figure 8a, graphene had a smooth surface
and consisted of stacks of approximately several sheets. This is a normal behaviour of
graphene in dried form. In Figure 8b, the sheet like morphology of graphene can be
observed with different transparencies due to stacking variations. The higher
transparency of the edges indicates the presence of only few layers of graphene (lower
stacking). The TEM images were taken using a very dilute dispersion of G in acetone
dried over a Cu-grid covered with lacy carbon. Though transparent nanosheets can be
visible in TEM, overall, graphene nanosheets were observed agglomerating (indicated
by the dark fields in TEM). Consequently, a lower improvement in mechanical
properties is expected (shown later).
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Figure 8: (a) SEM image and (b) TEM image of graphene nanoplatelets (G)

2.4.2 Characterization of Nanocomposites
2.4.2.1 Dispersion and Morphology of Nanocomposites
The effect of graphene and compatibilizers on the structure and crystallinity of
PP was investigated using X-ray diffraction (XRD). In Figure 9a, the diffraction peaks
appearing at 2θ = ~14.56, 17.24, and 19.02° corresponding to (110), (040), and (130)
planes of 𝛼 crystal of pure PP, respectively [97, 102]. The diffraction peaks of the
conventionally compatibilized PP (PP/MA) showed almost no difference compared
with pure PP. However, a change in the intensity and a slight shift in the peak of (110)
plane was observed in PP compatibilized with EBA. The crystalline structure of PP
was affected by the presence of graphene in PP/G nanocomposites. As it can be noticed
in Figure 9b (compatibilized nanocomposites containing 1 wt% G and different
compatibilizer/graphene (C/G) ratios), the incorporation of graphene was
accompanied with major changes in the intensities, the presence of wider peaks, as
well as slight peak shifts towards lower 2θ, which is attributed to increased exfoliation
and dispersion of graphene in compatibilized PP matrix.
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Figure 9: XRD traces for (a) compatibilized PP and (b) compatibilized PP/G
nanocomposites

To further investigate the effect of EBA and MA on PP structure, the fractured
surface of pure PP, compatibilized PP, and compatibilized PP/G nanocomposites after
the tensile testing was characterized by SEM (Figure 10). SEM observations have
shown that both pure PP (Figure 10a) and PP/MA (Figure 10d) had similar fibrous
trend in their fractured surface, indicating better miscibility between PP and MA
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compared with EBA, where larger holes were observed (Figure 10b), attributed to
immiscibility of EBA in PP. The nature of the fracture surface has changed due to the
presence of graphene, as can be seen in Figure 10c and Figure 10e, and the
nanocomposites gained the ability to plastically deform, which created longer and
thicker fibers on the fracture surface of PP/G/EBA and PP/G/MA nanocomposites.

Figure 10: SEM of the fracture cross-sections: (a) neat PP, (b) PP/EBA, (c)
PP/G/EBA nanocomposites, (d) PP/MA, and (e) PP/G/MA nanocomposites
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2.4.2.2 Thermal Properties of Nanocomposites
In order to examine the thermal stability and the crystallization behaviour of
graphene, pure PP, compatibilized PP, PP/G nanocomposites, and compatibilized
PP/G nanocomposites, both thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) studies were conducted. The weight loss curves and the
corresponding derivative weight loss of pure PP and compatibilized PP are shown in
Figure 11. The thermal stability of pure PP was lower in comparison with
compatibilized PP. The thermal decomposition temperature (Td) of PP has shifted by
~20°C towards higher temperature, from 452°C to ~472°C and ~470°C for PP/EBA
and PP/MA, respectively.
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Figure 11: Thermal stability of pure PP and compatibilized PP. Upper inset: zoom-in
of the marked part of the curve. Lower inset: dW/dT of pure and compatibilized PP
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The effect of graphene inclusion and compatibilization on the thermal stability
of PP matrix and the corresponding derivative weight loss curves are shown in Figure
12. As expected, graphene had extremely stable structure and exhibited high thermal
stability without considerable mass loss up to 500°C. In PP/G nanocomposites,
graphene has improved the thermal stability and Td was shifted by ~26°C, which is
similar to what was reported before [103]. However, in PP/G/MA nanocomposites, Td
was 456°C, which is close to that of the pure PP, while PP/G/EBA recorded Td ~
475°C. The TGA data further revealed that EBA compatibilization produced thermally
stable

nanocomposites

compared

to

the

conventional

MA-compatibilized

nanocomposites.
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Figure 12: Thermal stability of graphene (G) and compatibilized PP/G
nanocomposites. Inset: dW/dT of compatibilized PP/G nanocomposites
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The effect of graphene and compatibilization on the melting temperature (Tm)
and crystallization temperature (TC) of PP was studied using differential scanning
calorimeter (DSC). All samples were rapidly heated above the melting temperature to
remove the thermal history and TC was recorded in the first cooling cycle while Tm
was recorded during the second heating cycle.
DSC

exotherms

of

compatibilized

PP

and

compatibilized

PP/G

nanocomposites are shown in Figure 13. No change in the crystallization behaviour of
PP was observed with the addition of compatibilizers, as all systems recorded the same
TC peak value (113°C) (Figure 13a). However, the presence of graphene produced
wider exothermic curves and shifted TC towards higher temperatures in comparison
with pure PP (Figure 13b). Furthermore, the onset of TC was increased with the
addition of G, indicating nucleating effects of graphene in PP.
DSC endothermic curves of compatibilized PP and compatibilized PP/G
nanocomposites are shown in Figure 14. Interestingly, no marked difference in the
melting behaviour of PP was observed by the addition of EBA or MA, as the heating
curves showed similar peaks with approximately the same melting points for pure PP
(159°C), PP/EBA (160°C), and PP/MA (158°C) (Figure 14a). However, the
incorporation of graphene had an obvious impact on the melting behaviour of the
nanocomposites and shifted the heating curves slightly towards higher temperatures
(Figure 14b).
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Figure 13: DSC exothermic curves of (a) compatibilized PP and (b) compatibilized
PP/G nanocomposites
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Figure 14: DSC endothermic curves of (a) compatibilized PP and (b) compatibilized
PP/G nanocomposites

Figure 15a demonstrates the effect of graphene and compatibilization on the
peak melting temperature (Tm) of PP. In comparison with neat PP (158.53°C), the
addition of graphene resulted in increased Tm values of PP/G nanocomposites,
showing the highest Tm values among all systems. The only marked difference in Tm
was observed at 1 wt% G addition into the matrices. Changing the compatibilizer to
graphene ratio (C/G) did not produce significant effects on the Tm values of the
nanocomposites.
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The effect of graphene and compatibilization on the peak crystallization
temperature (TC) of PP is presented in Figure 15b. Similar to the melting behaviour,
PP/G nanocomposites showed the highest peak TC values among all systems, which
further demonstrates the strong nucleation behaviour of graphene in PP. However,
unlike Tm, the obtained TC values by PP/G/MA nanocomposites were higher compared
to PP/G/EBA nanocomposites.
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Figure 15: Peak melting temperature (Tm) and peak crystallization temperature (TC)
of pure PP and nanocomposites
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The percentage crystallinity (Xc) of pure PP, PP/G nanocomposites, and
compatibilized PP/G nanocomposites was calculated and compared in Figure 16. The
crystallinity (Xc) was calculated using the following equation [104]:

Xc % 

H m
100
H 1   
o
100%

Where ΔHm is the experimental enthalpy of melting obtained from the DSC
melting endotherms, ΔH° is the enthalpy of melting of the 100% crystalline PP (209
J/g) [102], and  is the weight fraction of inclusions in the matrix. In PP/G
nanocomposites, Xc increased with increasing G content. The compatibilizers showed
a notable effect on the crystallinity of PP/G nanocomposites. In general, Xc of Ratio1 systems was higher in comparison with Ratio-2 systems. However, the calculated
crystallinity for PP/G/MA nanocomposites was the highest.
In PP/G/MA nanocomposites, the increase in MA content was always
accompanied with an increase in Xc compared to pure PP (Xc% = 48). On the other
hand, PP/G/EBA Ratio-1 nanocomposites showed a regular increase in their Xc with
increasing EBA content. When compared to PP/G nanocomposites, the crystallinity of
PP/G/EBA was very close indicating that the addition of EBA was not that beneficial.
However, in PP/G/EBA Ratio-2 nanocomposites, as the EBA content increased, the
Xc decreased. This can be attributed to the rigid structure as well as the low crystallinity
of EBA. The pendent acrylate group in EBA might restrict packing of crystalline
fractions at higher EBA concentrations (Ratio-2). On the other hand, reduced
crystallinity further can lead to lower mechanical properties (discussed later).
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In conclusion, MA had a positive effect on the crystallization of the PP/G
nanocomposites as compared to EBA. This can be linked to the miscibility between
the polymer matrix and the compatibilizer, which is consistent with the SEM
observations. As PP-g-MA is structurally similar to PP, it can create better miscibility
with the PP matrix, and thus, encourage the crystallization of the nanocomposites.
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Figure 16: Crystallinity (%) of PP/G, compatibilized PP, and compatibilized PP/G
nanocomposites for compatibilizer/graphene Ratio-1 and Ratio-2

The DSC data of pure PP, compatibilized PP, and compatibilized PP/G
nanocomposites are summarized and listed in Table 1. The PP/G/EBA nanocomposites
recoded the highest Tm onset temperatures while PP/G nanocomposites recorded the
highest TC onset temperatures among all systems. On the other hand, the enthalpy of
crystallization (ΔHC) obtained for PP/G/EBA nanocomposites was the lowest
compared

to

PP/G

and

PP/G/MA

nanocomposites.

nanocomposites recorded the highest ΔHC values.

However,

PP/G/MA
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Table 1: Thermal parameters of pure PP, PP/G nanocomposites, compatibilized PP,
and compatibilized PP/G nanocomposites from DSC
Tm Onset Temperature (°C)
G

PP/G

wt%

PP/G/EBA
Ratio-1

Ratio-2

0

152.47

150.71

150.71

1

155.29

155.35

156.25

3

152.50±1.03

153.76

156.17±0.14

5

147.63

7

PP/G/MA
a

Ratio-2

151.29

151.29

153.06±0.73 155.73±0.55
153.28

154.04±0.77 156.19±0.21

148.85±1.29 154.45±0.31

Ratio-1

153.41

152.63±0.43 153.42±0.35

156.00

149.39

151.42±0.51

TC Onset Temperature (°C)
G

PP/G

wt%

PP/G/EBA
Ratio-1

Ratio-2

0

117.24

117.40

117.40

1

129.36

130.23

127.83

3

132.26±0.10

130.97

127.89±0.08

5

135.04

7

PP/G/MA
a

Ratio-2

115.34

115.34

128.78±0.38 127.89±0.56
131.16

131.82±0.05 127.05±0.06

135.88±0.02 130.53±0.32

Ratio-1

131.27

132.75±0.22 131.79±0.09

126.85

133.62

133.17±0.08

Enthalpy of Crystallization, ΔHC (J/g)
G

PP/G

wt%

PP/G/EBA
Ratio-1

Ratio-2

PP/G/MA
a

Ratio-1

Ratio-2

94.36

94.36

0

99.89

92.29

92.29

1

100.74

99.95

98.89

3

98.34±0.26

100.15

88.93±4.38

104.32

99.33

5

99.19

99.36±0.45

83.97±1.81

102.26±0.93

95.62±1.98

7

100.47±0.47

95.57±1.40

74.36

100.08

83.93±4.19

104.36±1.66 100.70±3.87

2.4.2.3 Mechanical Properties of Nanocomposites
The effect of compatibilization on the mechanical properties of PP/G
nanocomposites was investigated using a universal testing machine. Representative
tensile stress-strain curves and the fracture points (indicated by arrows) of pure PP,
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PP/EBA, and PP/MA matrices are shown in Figure 17. It can be noticed that the
corresponding stress of PP/EBA and PP/MA is higher compared to pure PP for the
same strain. This finding demonstrates that the addition of EBA and MA effectively
improved the modulus of PP matrix.
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Figure 17: Stress-strain curves of PP, PP/EBA, and PP/MA matrices

The effect of graphene on the mechanical properties of the uncompatibilized
and

compatibilized

nanocomposites

can

be

seen

in

Figure

18.

Two

compatibilizer/graphene (C/G) ratios were used: the effect of Ratio-1 (C/G=1) is
shown in Figure 18a, and the effect of Ratio-2 (C/G=2) is shown in Figure 18b.
In general, the compatibilized PP/G nanocomposites showed lower modulus
and strength values compared to PP/G nanocomposites. Both the Young’s modulus
and the tensile strength of PP/G nanocomposites increased continuously with
increasing graphene content compared to pure matrix [103]. The highest values were
recorded by 5 wt% graphene loading, which showed a dramatic increase in the
modulus from ~663 MPa for neat PP up to ~1161 MPa, creating 75% improvement.
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For the same G content, a notable increase in the tensile strength was observed ~38
MPa, resulting in a 53% enhancement in comparison with pure matrix.
In case of PP/G/EBA, increasing G and EBA contents was always
accompanied with an increase in modulus and strength up to 5 wt% G, with a
maximum of ~1089 MPa and ~36 MPa, resulting in 44% and 34% improvement in
modulus and strength, respectively (Figure 18a). Further increase in G and EBA
contents in 7 wt% G caused the modulus and the strength to decrease to ~892 MPa and
~31 MPa, respectively. Likewise, in case of MA, the modulus and strength values
increased along with increasing G and MA contents. The highest modulus and strength
values were also obtained for 5 wt% G, approximately 1074 MPa and 35 MPa, creating
32% and 34% enhancement in properties compared to PP. A similar trend was
observed for PP/G/MA Ratio-2 systems (Figure 18b), in which the modulus and the
strength increased continuously with increasing MA content. The highest modulus was
obtained for 7 wt% G, whereas 3 wt% G recorded the highest strength value. On the
other hand, PP/G/EBA Ratio-2 systems (Figure 18b) exhibited different behaviour as
the modulus and the tensile strength sharply decreased with increasing EBA content.
These observations clearly suggest that graphene loadings played a major role
in improving the strength of PP/G nanocomposites, owing to the extremely high
strength of graphene compared with PP matrix. However, high graphene contents
might drive the sheets of graphene to agglomerate inside the matrix, resulting in poor
dispersion and, consequently, lower mechanical properties. Considering the
mechanical results, the optimum graphene concentration is 5 wt%. Any further
addition of graphene will, instead, lead to a decrease in the modulus and strength of
the nanocomposites. Also, the mechanical properties achieved by PP/G/MA
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nanocomposites were better compared to PP/G/EBA nanocomposites. This can be
attributed to the enhanced homogeneous graphene dispersion, the better
compatibilization effect of MA in PP matrix compared to EBA, and the greater
interfacial quality between graphene sheets and PP encouraged by MA.
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Figure 18: Young’s modulus (MPa) and tensile strength (MPa) of (a) Ratio-1 and (b)
Ratio-2 compatibilized PP/G nanocomposites
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The elongation at break values of PP nanocomposites are given in Table 2.
Noticeably, the elongation values decreased with increasing graphene content in PP/G
nanocomposites. A similar behaviour was observed for PP/G/MA nanocomposites, in
which elongation values decreased gradually with increasing graphene and MA
contents. On the other hand, the use of EBA markedly increased the elongation of PP
nanocomposites, especially Ratio-2 systems with higher EBA contents, resulting in
95% increment as compared to neat PP. These results propose that PP/G/EBA
nanocomposites exhibited higher toughness and ductility compared to PP/G/MA
nanocomposites, which showed a brittle behaviour.
The elongation at break results are in a good agreement with the tensile stressstrain curves of compatibilized PP, which clearly shows the significant deformation
retained by PP/EBA compared with PP/MA (Figure 17).
Table 2: Elongation at break of pure PP, PP/G nanocomposites, compatibilized PP,
and compatibilized PP/G nanocomposites
G

PP/G

wt%

PP/G/EBA
Ratio-1

Ratio-2

PP/G/MA
a

Ratio-1

Ratio-2
4.99±0.4

0

7.05±1.2

7.1±1.2

7.1±1.2

4.99±0.4

1

5.97±0.6

13.85±1.2

14.8±0.9

12.21±1.1 15.51±6.1

3

14.41±8.8 11.86±1.2 19.38±1.7

9.68±1.3

10.01±1.6

5

6.99±0.4

10.77±0.7 13.36±2.1

8.36±0.5

6.98±0.9

7

6.03±0.4

10.38±0.9 13.85±3.7

7.08±0.5

5.60±0.6
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2.5 Summary
In this study, PP/G nanocomposites were prepared by melt blending method.
The dispersion of G in PP matrix was investigated using two compatibilizers: PP-gMA (MA) and EBA. The conventional MA-compatibilized PP/G nanocomposites
showed reasonably improved melting and mechanical properties. On the other hand,
EBA-compatibilized nanocomposites exhibited improved thermal stability and
elongation at break compared to those of MA-compatibilized nanocomposites. The
reduced crystallinity in EBA-based nanocomposites was further demonstrated by
increased elongation at break, indicating less brittle behaviour of these
nanocomposites. Further studies into the compatibility of EBA matrix in PP can shed
more light into mechanical and thermal behaviour of EBA-based nanocomposites.
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Chapter 3: Functionalized Graphene/Polypropylene Nanocomposites
3.1 Introduction
The prospect of graphene/polyolefin nanocomposites as a promising class of
engineering materials is driven by the excellent properties and diverse potential
applications of graphene. However, the development of these nanocomposites is
hindered by the hydrophobic nature and chemically unreactive pristine carbonhoneycomb structure of graphene [105], and the non-polar nature of polyolefins [91].
Moreover, due to the inter-particle interactions such as van der Waal forces [86], high
surface area and high aspect ratio [91]; rather than dispersing, the graphene sheets tend
to create large aggregates, leading to low exfoliation and poor dispersion of the sheets
inside the polymer matrix. These factors play a critical role in the degree of
compatibility between graphene and polyolefins and, hence, can remarkably affect the
final properties of the nanocomposites [35]. Significant efforts are therefore being
devoted to encourage the exfoliation and achieve better dispersion performance of
graphene in polyolefins.
Surface modification via covalent chemical functionalization of graphene is an
effective route used to prevent the agglomeration and provoke the dispersion of
graphene in non-polar matrices [106]. This approach has proved its ability to achieve
high dispersion quality of graphene in polymers. At the same time, surface
functionalization of graphene enhances the interfacial adhesion between graphene and
the host non-polar polymer [102]. As a result, functionalized graphene
nanocomposites are expected to exhibit higher tensile modulus and stiffness [105].
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The organic compounds containing amino group, carboxyl group, and
isocyanate group can be used to covalently functionalize graphene oxide (GO). These
groups can react with the oxy-functionalities of GO such as hydroxyl, carboxylic,
carbonyl, carboxyl, ester, and epoxy groups [107]. Many studies have reported
excellent

improvements

in

polypropylene/functionalized

the

mechanical

graphene

and

thermal

nanocomposites

properties

using

of

different

functionalities. For example, a considerable enhancement in Young’s modulus of
isotactic polypropylene/functionalized graphene sheets (iPP/FGs) nanocomposites
was reported by Qiu et al. [108]. The functionalization of graphene oxide with 4,4′diphenylmethane diisocyanate (MDI) alkane chains has effectively enhanced the
interaction of iPP with graphene and, consequently, increased the modulus by ~22%
with the addition of only 0.1 wt% FGs. However, a higher improvement was observed
in the same study for iPP/graphene oxide (GOs) nanocomposites, in which the addition
of 5 wt% GOs resulted in 24% increase in the modulus in comparison with neat iPP.
Similarly, Bao et al. [64] used octadecylamine functionalized graphene oxide
(GO-D) to prepare isotactic polypropylene/surface functionalized graphene oxide
nanocomposites. Consequently, the interfacial adhesion between GO and the nonpolar iPP matrix increased and the nanocomposites with 0.1 wt% GO-D loading
recorded excellent tensile strength value that was ~29% higher compared to the matrix.
However, the incorporation of GO-D led to a notable decrease in the elongation at
break of iPP/GO-D nanocomposites in comparison with iPP. In another report, Cao et
al. [109] observed a homogenous dispersion and intimate adhesion of graphene
nanosheets with iPP matrix due to the covalent functionalization of graphene
nanosheets (GNSs) using long alkyl chains. The thermal stability of iPP was found to
be enhanced and the degradation temperature of the iPP/GNSs nanocomposites was
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12°C higher compared to that of pure iPP. According to these observations, the
grafting of long alkyl chains onto the surface of graphene can remarkably increase the
compatibility between alkylated graphene and non-polar matrices, and therefore,
increases the stability of the matrix.
In this work, surface modification of graphene through covalent
functionalization with 4,4′-oxydianiline was conducted. Different graphene samples
with

different

surface

functionalities

polypropylene/Functionalized-graphene

were

(PP/FG)

also

used

to

nanocomposites

prepare

using

two

processing routes: melt and solution blending. The nanocomposites are compared for
their morphological, thermal, and mechanical properties.
3.2 Experimental Section
3.2.1 Materials
Polypropylene (ρ = 0.91 g/cm3, Tm = 163°C) (Advanced-PP 1128 N, Advanced
Petrochemical Company), graphene nanoplatelets

(750 m2/g, 900407, Sigma-

Aldrich), graphene oxide (110 m2/g, 806641, Sigma-Aldrich), reduced graphene oxide
functionalized with octadecylamine (805084, Sigma-Aldrich), reduced graphene oxide
functionalized

with

tetraethylene

pentamine

(806579,

Sigma-Aldrich),

decahydronaphthalene (138.25 g/mol, 803101, Merck), 4,4′-oxydianiline (516805,
Sigma-Aldrich), anhydrous N,N-dimethylformamide (73.095 g/mol, D/3841/17,
Fisher Chemical), tetrahydrofuran (72.11 g/mol, 676764, Sigma-Aldrich), thionyl
chloride (118.97 g/mol, 808154, Merck), and general purpose acetone were used as
received without any further purification. The chemical structures of the reduced
graphene oxide functionalized with tetraethylene pentamine (G-TEPA), reduced
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graphene oxide functionalized with octadecylamine (G-ODA), and 4,4′-oxydianiline
(OA) are shown in Figure 19.

Figure 19: Chemical structures of (a) G-TEPA, (b) G-ODA, and (c) OA

3.2.2 Synthesis of 4,4′-oxydianiline-Functionalized Graphite Oxide (OG-OA)
Approximately 300 mg of the oxidized graphite (OG) was dispersed in 30 mL
tetrahydrofuran (THF) via sonication for 2 hours using a bath sonicator at room
temperature. After adding 30 mL of thionyl chloride (SOCl2)/0.5 mL N,Ndimethylformamide (DMF) into the suspension, the reaction mixture was heated to
70°C for 24 hours under nitrogen gas and reflux. After thionylation reaction, acylated
OG was filtered under vacuum and washed using anhydrous DMF. The resultant
acylated OG was dried for 24 hours in the fume hood. About 0.1 g of 4,4′-oxydianiline
(OA) was dispersed in 30 mL tetrahydrofuran (THF) via sonication for 1 hour and the
dried acylated OG was added into OA solution. The reaction mixture was heated up to
70°C for 24 hours under reflux. The produced OG-functionalized with OA (OG-OA)
was vacuum filtered using a 0.2 μm PTFE membrane followed by washing with THF
and acetone several times to remove traces of unreacted OA. The final product (OGOA) was dried overnight at 50°C using a convection oven.
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3.2.3 Polypropylene/Functionalized-Graphene (PP/FG) Nanocomposites
3.2.3.1 Melt Blending
Polypropylene/Functionalized-G (PP/FG) nanocomposites were prepared by
melt blending using a twin-screw counter-rotating micro-compounder (Haake
MiniLab II, ThermoFisher Scientific). Typically, ~4 g of PP and appropriate amount
of graphene were dry mixed in a container, followed by melt mixing in the microcompounder at 100 RPM and 170°C for 10 minutes to achieve uniform distribution.
After homogenization, samples were flushed out in the form of short fibers. The
extrudates from the first pass were cut manually into small pieces (2-3 mm) and melt
mixed one more time (re-extruded) using the micro-compounder under the same
conditions. The re-extruded samples were cut manually into small pieces (2-3 mm) for
compression moulding. For thin films, samples were heated at 190°C for 10 minutes
followed by pressing for 8 minutes at 10,000 lb pressure using Teflon sheets in a
hydraulic Carver press. The thin films were cooled for 2 minutes under pressure.
Finally, the thin films were cut into strips of 50 mm length and 5 mm width for tensile
testing. The thickness of each strip was measured using a 0.001 mm resolution
Micrometer.
3.2.3.2 Solution Blending
The nanocomposite films were also prepared by solution blending method.
About 2 g of PP was dissolved in decahydronaphthalene (decalin) at 160°C for one
hour under reflux. Appropriate amount of graphene was sonicated in ~5 mL decalin
using a bath sonicator for 15 minutes. The graphene dispersion was added into the PP
solution, and the mixture was stirred with a magnetic bar at 160°C under reflux for
another hour. The resultant composite solution was dropped in acetone (non-solvent)
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and left to dry under the hood at room temperature for 24 hours. The composite
aggregate was dried under vacuum at 100°C for 24 hours. For thin films, a protocol
similar to that of melt blending was followed.
3.3 Characterization
3.3.1 Fourier-Transform Infrared Spectroscopy (FTIR)
Thermo/Nicolet Nexus 470 ESP FT-IR Spectrometer (USA) was used to
collect Fourier transform infrared spectra and detect the functional groups in graphene
over the spectral range 400-5000 cm-1. Thin potassium bromide (KBr) pellets were
used as background (200 mg KBr). An extremely small amount of graphene (~1 mg)
was dispersed in 20 mL acetone (non-solvent) via bath sonication for 15 minutes at
room temperature. About 2-3 drops of graphene suspension were dropped on the KBr
pellet, and left to dry for 10 minutes to ensure complete evaporation of acetone. The
FTIR spectra were taken on dried KBr pellets.
3.3.2 X-Ray Diffraction (XRD)
X-ray diffraction (XRD) measurements were carried out using a Shimadzu6100 powder XRD diffractometer (XRD-6100) using 40 kV and 30 mA working
voltage and current, respectively, and Cu-Kα radiation (λ = 1.542 Å). The XRD data
was collected over the range 5°≤2θ≤35° for graphene samples with a scanning speed
of 2°/min at room temperature.
3.3.3 Transmission Electron Microscopy (TEM)
TEM images were taken using FEI TECNAI G2 SPIRIT BioTwin
Transmission Electron Microscope with an acceleration voltage of 120 kV. An
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extremely small amount of graphene was dispersed in 15 mL acetone via bath
sonication for 15 minutes, and diluted by pouring half of the sonicated suspension,
adding acetone to the remaining part, and sonicating again for 30 minutes. About 2-3
drops of the diluted suspension were dropped on a Formvar/Carbon Film Coated, 200
mesh, Cu TEM grid and allowed to dry for 15 minutes before testing.
3.3.4 Thermal Characterization
Thermal properties such as melting temperature (Tm), enthalpy of fusion
(ΔHm), crystallization temperature (TC), enthalpy of crystallization (ΔHC), and
percentage crystallinity of the nanocomposites were determined using a TA Instrument
differential scanning calorimeter (DSC) (Discovery 25, USA). The samples were
heated from room temperature to 220°C at 50°C/min to remove thermal history and
cooled down to -30°C at 10°C/min to record TC, followed by subsequent heating at
10°C/min to 200°C to record Tm.
3.3.5 Mechanical Testing
Mechanical properties were determined by a Universal Tensile Testing
Machine (Shimadzu, AGS-X Series, 10 kN) following ASTM D638 at an extension
rate of 1 mm/min at room temperature. At least, three specimens were tested for each
sample and the tensile properties were averaged.
3.3.6 Scanning Electron Microscopy (SEM)
SEM images were obtained using a JEOL JSM-6390A Scanning Electron
Microscope. Graphene was dispersed in 10 mL acetone via sonication for 15 minutes
at room temperature using a bath sonicator. About 2-3 drops of graphene suspension
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were dropped on the sample holder and allowed to dry for 10 minutes before testing.
For fractured-surface morphology, the resultant fracture surface after the tensile testing
was used. Samples were sputter coated with a gold layer using JEOL JFC-1600 Auto
Fine Coater for 90 seconds. The sputter coater deposited gold at pressure 5-7 Pa with
a plasma current of 30 mA.
3.4 Results and Discussion
3.4.1 Characterization of Functionalized Graphene
3.4.1.1 Fourier-Transform Infrared Spectroscopy
The chemical nature of pure graphene (G) and the functional groups of OG, GTEPA, G-ODA, 4,4′-oxydianiline, and OG-OA were studied using FTIR (Figure 20).
The broad peak at ~3500 cm-1 corresponds to the O-H stretching vibrations in G [99,
101] which can be attributed to the moisture. A weak band at ~1220 cm-1 corresponds
to C-O stretching vibrations [101]. The intrinsic graphitic C=C double bond stretching
vibrations in G was observed at ~1650 cm-1 and ~1700 cm-1 [99]. The absorption peaks
in the OG spectrum at ~3425, ~1701, and ~1635 cm-1 are attributed to O-H stretching,
C=O and C=C stretching vibrations [107], respectively. The FTIR spectrum of GTEPA showed the following absorption peaks: N-H stretching vibration peak at ~3462
cm-1, N-H bending vibration peak at ~1551 cm-1, and C-N stretching vibration peak at
~1362 cm-1 [107]. The bands between 2862 cm-1 and 3016 cm-1 can be attributed to
the stretching vibrations of C-H [110]. In G-ODA spectrum, the broad band between
3050 cm-1 and 3705 cm-1 is related to the O-H stretching, while the two peaks at 2330
cm-1 and 2125 cm-1 are assigned to the C-H stretching of the methylene group in ODA
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[111]. The band at ~1639 cm-1 corresponds to the carbonyl stretching vibration
resulting from the amide bond created between graphene and ODA [112].
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Figure 20: FTIR spectra of G, OG, G-TEPA, and G-ODA

In Figure 21, the FTIR spectrum of OG-OA is presented and compared with
the FTIR spectra of both OG and OA. Obviously, strong NH2 absorptions can be
observed due to the OA group at 1620, 3217, 3383, and 3442 cm-1. The strong
absorption peak at 1498 cm-1 is attributed to the C=C ring stretching vibrations
whereas 1280 cm-1 and 1227 cm-1 are the absorption peaks of C-N [113]. The
appearance of C-N absorption peaks at 1362 cm-1 and 1223 cm-1 in the FTIR spectrum
of OG-OA clearly indicates the presence of NH2 on the graphene surface in addition
to the absorption peaks of N-H at 1713 cm-1 and 1626 cm-1.
In conclusion, the FTIR results confirm that the OA group was successfully
attached to the OG nanosheets.
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Figure 21: FTIR spectra of OG, OG-OA, and OA

3.4.1.2 X-Ray Diffraction
X-ray diffraction (XRD) was used to study the morphology and the inter-layer
spacing (d) of G, TRG, G-ODA, G-TEPA, OG and OG-OA. Figure 22a shows
diffraction peaks at 2θ = 26.14, 20.76, and 22.24° corresponding to G [112], G-ODA
[111], and G-TEPA [114], respectively, indicating a d-spacing of ~3.41, ~0.43, and
~4.00 nm (calculated using Bragg’s law) for G, G-ODA, and G-TEPA, respectively.
The observed shift in the diffraction angles towards lower 2θ and the increased interlayer spacing of G-ODA and G-TEPA is a result of the chemical intercalation by the
functional groups compared to G, which showed the lowest inter-layer spacing among
all (packed structure). On the other hand, TRG showed no prominent diffraction peak
and only one weak broad peak appeared at 2θ = ~25°, confirming the dissociation and
exfoliation of the periodic graphene stacks due to rapid heating [98, 115].
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The initial graphene product, which was used for the synthesis of 4,4′oxydianiline-functionalized graphene, labelled as graphene oxide (GO) according to
Sigma Aldrich (806641, Sigma-Aldrich), was characterized using XRD. In the XRD
pattern of graphene oxide (GO), the peak of the (002) crystal plane is expected to
appear in the range 2θ = ~5-10°, as reported before in the literature [116]. However,
the XRD results of GO showed a sharp diffraction peak at 2θ = ~26.48° (Figure 22b),
corresponding to the (002) crystal plane of pristine graphite [106, 117], indicating the
presence of the periodic unexfoliated structure of graphite. Therefore, the material was
referred to as oxidized graphite (OG) throughout this chapter.
The effect of functionalization on the structure and particle size of OG was
investigated using X-ray diffraction (XRD). The XRD patterns of OG and OG-OA are
shown in Figure 22b for comparison. A slight shift in the peak of the (002) crystal
plane can be observed from 2θ = 26.48° in OG towards lower angle at 2θ = 26.14° in
OG-OA. Consequently, the inter-layer spacing (d) has increased from ~0.17 nm in OG
to ~0.18 nm in OG-OA, which is an indication of the graphite exfoliation due to the
attachment and intercalation due to OA. It can also be noticed that the OG-OA peak
was wider compared to the sharp OG peak and that the peak intensity has decreased in
OG-OA (after functionalization) compared to OG (before functionalization),
indicating that functionalization also led to decreased particle size in OG-OA.
According to the XRD results, the covalent functionalization of OG has
successfully encouraged the exfoliation of OG, increased the d-spacing, and reduced
the particle size through the effective break-up of the large OG aggregates.
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Figure 22: XRD traces for (a) G, TRG, G-ODA, G-TEPA, (b) OG and OG-OA
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3.4.1.3 Morphology
The morphology of G, G-TEPA, and G-ODA was studied using TEM. The
TEM micro-images of G, G-TEPA, and G-ODA show exfoliated graphene with sheet
like morphology and mostly transparent structures. The presence of more than one
sheet in some regions (stacking) generated darker areas (opaque spots). Notably, G
(Figure 23a) and G-ODA (Figure 23c) had smooth nanosheets compared to G-TEPA
(Figure 23b), which showed a wrinkled surface nature and a slightly crumpled
appearance attributed to the presence of lattice defects because of functionalization.
According to these observations, and due to the absence of agglomerated
structures, it can be indicated that graphene nanosheets were not agglomerated and
exhibited large exfoliation extent. Therefore, the nanocomposites are expected to have
improved mechanical properties as a result of the homogenous dispersion of graphene.

Figure 23: TEM images of (a) G, (b) G-TEPA, and (c) G-ODA as received
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The structure and morphology of 4,4′-oxydianiline-functionalized graphite
oxide (OG-OA) was characterized using SEM and TEM (Figure 24). The exfoliated
structure and the sheet-like morphology of OG-OA can be observed in the SEM image
in Figure 24a. In Figure 24b, transparent, extremely thin single graphene sheets can be
noticed on the edges (light grey color). Some regions are darker, which is an indication
of sheet stacking. The absence of large aggregates in SEM and TEM images confirms
the exfoliation of OG via functionalization and the successful break-up of the large
particles of OG, which were detected by XRD.
The SEM and TEM observations are in a good agreement with the XRD results,
where a notable decrease in peak intensity and a slight shift towards lower 2θ was
observed for OG-OA in comparison with OG, which was assigned to larger extent of
exfoliation due to the effect of functionalization.

Figure 24: (a) SEM and (b) TEM images of OG-OA
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3.4.1.4 Thermal Stability
The thermal stability of functionalized graphene was studied using
thermogravimetric analyzer (TGA). The graphene nanoplatelets (G) and thermally
reduced graphene (TRG) showed excellent thermal stability up to 500°C. There was
instrumental error in the TGA of TRG (showing increased weight% with increasing
temperature). This experimental error is attributed to the extremely low bulk density
of TRG (~3 mg/cm3) which did not allow the sample holder of TGA to stabilize.
For all samples tested, any weight loss close to 100°C is assigned to
environmental moisture. As can be noticed in the weight loss curves shown in Figure
25, both G and OG-OA maintained extremely stable structures with negligible weight
loss up to ~500°C. In case of OG, the decrease in weight starting at ~450°C is due to
the loss of oxygen functionalities on OG (CO and CO2) and the destruction of the
carbon backbone, which led to ~35% weight loss (up to 725°C). Unlike OG, TRG
showed almost no weight loss under ~490°C, as it is expected to have less oxygencontaining groups compared to OG due to the thermal treatment [50]. The G-ODA
showed the lowest thermal stability among all and exhibited a significant weight loss
between 200 and 500°C, which can be contributed to the decomposition of the long
carbon chain of ODA. On the other hand, the presence of amine groups in G-TEPA
helped maintaining the thermal stability of graphene; still, a considerable weight loss
was observed (~35% @ 725°C).
The TGA data sufficiently concludes that there is no significant weight loss in
graphene samples except in G-TEPA below 200°C (melt processing temperature of
PP= 170°C).
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Figure 25: Thermal stability of functionalized graphene samples

The thermal stability of PP/Functionalized-G nanocomposites was investigated
using TGA (Figure 26 for solution-blended nanocomposites). The PP/TRG
nanocomposites showed the highest thermal stability, due to the high thermal stability
of TRG (shown in Figure 25), which is attributed to highly exfoliated structure of TRG.
The onset temperature for weight loss (Tonset) of PP has increased from ~446°C to
~458°C in PP/TRG nanocomposites. Although the structure of G has shown to be very
stable (Figure 25), PP/G nanocomposites recorded the lowest thermal stability among
all systems (Tonset = 420°C). The overlapping curves of pure PP, PP/OG, PP/OG-OA,
and PP/G-ODA nanocomposites indicate that these functionalities had negligible
influence on the thermal stability of nanocomposites.
According to the TGA results, the used functionalities did not show any
significant effect on the degradation of PP. Only the onset temperature to weight loss
was changed with inclusion of the fillers.

58
100

Weight Retained (%)

90
80

70
60

50

PP

40

PP/G

30

PP/OG
PP/TRG

20

PP/OG-OA

10

PP/G-ODA

0
50 100 150 200 250 300 350 400 450 500 550

Temperature ( C)
Figure 26: Thermal stability of PP/Functionalized-G nanocomposites (solutionblended)

3.4.2 Characterization of Nanocomposites
3.4.2.1 Morphology
In order to investigate the effect of functionalization on the morphological
properties of PP/G nanocomposites, the fractured surface after the tensile testing of
PP/OG and PP/OG-OA nanocomposites was characterized using SEM (Figure 27).
Pure PP showed a very smooth fractured surface attributed to the brittle nature
of PP (Figure 27a) [8]. A fibrous morphology (indicated by thick fibers) was observed
for PP/OG-melt (Figure 27b), PP/OG-solution (Figure 27c), and PP/OG-OA-solution
(Figure 27e) attributed to plastic deformation behaviour in these nanocomposites. On
the other hand, a smooth surface was observed for PP/OG-OA-melt (Figure 27d).
Nevertheless, unlike pure PP, short white threads observed in PP/OG-OA-melt further
indicate interactions between PP and OG-OA.
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Figure 27: SEM images of (a) pure PP (melt), (b) PP/OG (melt), (c) PP/OG
(solution), (d) PP/OG-OA (melt), and (e) PP/OG-OA (solution)

3.4.2.2 Thermal Properties
The effect of functionalization on the crystallinity (Xc), melting (Tm) and
crystallization (TC) temperatures of PP/G nanocomposites was investigated using
differential scanning calorimeter (DSC). Samples were heated rapidly above their
melting temperatures to remove thermal history. The first cooling and the second
heating cycles were used to record TC and Tm, respectively.
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The DSC exotherms of PP/Functionalized-G nanocomposites are presented in
Figure 28. The nanocomposites PP/OG, PP/G, and PP/OG-OA exhibited almost
similar TC peak values (~122°C) which was higher than TC of pure PP (113°C) (shown
in Chapter 2). A higher TC of nanocomposites indicates nucleation behaviour of G,
OG, and OG-OA nanofillers. On the other hand, PP/G-ODA and PP/G-TEPA
nanocomposites exhibited TC~118°C while the lowest TC was recorded for PP/TRG
nanocomposites (~116°C).
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Figure 28: DSC exothermic curves of PP/Functionalized-G nanocomposites
A similar trend in melting endotherms was observed for PP/G, PP/G-TEPA,
and PP/OG-OA nanocomposites (Tm~163°C) (Figure 29) which is slightly higher than
Tm of pure PP (~158.5°C) (Chapter 2). PP/G-ODA nanocomposites recorded the
lowest Tm value (~160°C) while higher values were acquired by PP/OG and PP/TRG
nanocomposites. Interestingly, PP/OG and PP/TRG nanocomposites exhibited
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broadened exothermic curves, compared to other nanocomposites, indicating that these
nanocomposites melt over a broad temperature range.
In conclusion, the crystallization was markedly influenced by the type of
functionality on graphene, whereas the melting behaviour did not change significantly.
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Figure 29: DSC endothermic curves of PP/Functionalized-G nanocomposites

The DSC data of PP/Functionalized-G nanocomposites are summarized in
Table 3. Interestingly, the melting temperature (Tm), enthalpy of crystallization (ΔHC),
enthalpy of heating (ΔHm), and, consequently, the percentage crystallinity (Xc) of
PP/OG nanocomposites were the highest among all nanocomposites. It can be noticed
that Tm has decreased for all the nanocomposites in comparison with neat PP, except
for PP/OG and PP/TRG nanocomposites. On the other hand, PP/G, PP/OG, and
PP/OG-OA nanocomposites recorded approximately the same TC value, which was
higher compared to pure PP and the other nanocomposites. The crystallinity of PP has

62
reduced due to the addition of TRG, OG-OA, and G-TEPA. Therefore, these
nanocomposites are expected to show higher elongation at break but lower tensile
modulus and strength.
Table 3: Thermal properties of PP/Functionalized-G nanocomposites
Tm (°C)

ΔHm (J/g)

Xc%

TC (°C)

ΔHC (J/g)

Pure PP

163.20

97.37

47.06

115.82

101.34

PP/G

162.32

101.41

49.01

121.96

105.52

PP/TRG

163.89

95.40

46.11

116.03

100.25

PP/OG

167.41

102.79

49.68

121.25

107.64

PP/OG-OA

161.92

96.98

46.87

121.58

100.60

PP/G-ODA

160.27

99.79

48.23

118.62

106.43

PP/G-TEPA

161.36

90.88

43.92

118.15

98.76

3.4.2.3 Mechanical Properties
In order to illustrate the effect of functionalization as well as the preparation
method on the mechanical properties of PP/Functionalized-G nanocomposites, the
Young’s modulus and tensile strength of melt and solution blended nanocomposites
are compared in Figure 30. For comparative analysis, the moduli of the
nanocomposites were normalized using neat PP data (EC/EPP) and the percentage error.
Surprisingly, both solvent and melt blended nanocomposites exhibited similar
tensile moduli. The tensile strength of melt-processed nanocomposites was
significantly higher than that of the solution-blended nanocomposites. For melt
nanocomposites, the highest strength was recorded by the PP/G nanocomposites
prepared by melt processing with a value of ~62 MPa, creating about 13%
improvement in the tensile strength as compared with 55 MPa of pure PP. However,
PP/G-TEPA nanocomposites recorded the lowest tensile strength among all melt
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nanocomposites with a value of ~53 MPa, which was even lower than PP. On the other
hand, in solution nanocomposites, PP/OG nanocomposites recorded the highest tensile
strength whereas PP/OG-OA nanocomposites exhibited the lowest tensile strength
among all systems, with the values of 50 MPa and 35 MPa, respectively.
Additionally, the tensile strength of pure PP prepared by the melt method was
higher in comparison with pure PP prepared by solution method, 55 MPa and 43 MPa,
respectively. This is a very interesting outcome since most of the studies expect
solution-processed nanocomposites to show better properties attributed to enhanced
effective dispersion of the filler due to solvent. However, in this study, a reverse trend
was observed which can be attributed to the additional re-extrusion step in the melt
processing procedure. The re-extrusion step generated nanocomposites with improved
and uniform dispersion, reflected in the improved mechanical properties [118].
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Figure 30: Effect of different functionalities on Young’s modulus and tensile strength
of PP/G nanocomposites
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The normalized elongation at break of PP/Functionalized-G nanocomposites
(εC/εPP) is shown in Figure 31. The elongation at break decreased for all melt blended
nanocomposites with the inclusion of fillers as expected. However, PP solutionprocessed nanocomposites showed peculiar enhancement in the elongation of the
nanocomposites. The elongation at break increased to 3 times in solution-processed
PP/G-TEPA nanocomposites compared with pure PP. Such increase in the elongation
at break of PP proposes that the preparation of PP nanocomposites via solution method
can considerably decrease the brittleness and increase the ductility of PP.
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Figure 31: The effect of different functionalities on the elongation at break of
PP/Functionalized-G nanocomposites
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3.5 Summary
In this work, various types of functionalized graphene have been used to
prepare PP/graphene nanocomposites, and the effect of nanocomposites preparation
method is reported. The functionalization of graphene resulted in increased exfoliation
of graphene. All graphene samples showed paper-like morphology but highly
aggregated structure in TEM analysis. The dispersion of in-house functionalized
graphene in PP exhibited change in the morphology of cryo-fractured nanocomposites.
The most interesting results were obtained from the mechanical characterization of
nanocomposites. The solution-processed nanocomposites showed decreased strength
compared to melt-processed nanocomposites. However, elongation at break was
significantly improved for solution-processed nanocomposites.
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Chapter 4: Conclusions and Future Recommendations
4.1 Conclusions
The main objective of this thesis was to investigate the dispersion of graphene
in polypropylene by two methods: 1) using compatibilizers, and 2) covalent
functionalization of graphene.
In the first method, two compatibilizers were used for the preparation of
polypropylene/graphene (PP/G) nanocomposites: ethylene butyl acrylate (EBA) (new
compatibilizer)

and

polypropylene-grafted-maleic

anhydride

(PP-g-MA)

(conventional compatibilizer). The nanocomposites were prepared with varying
graphene concentrations and compatibilizer/graphene ratio by melt blending method.
The nanocomposites were characterized and compared for their thermal, mechanical,
and morphological properties. The improved exfoliation and dispersion of graphene in
compatibilized PP matrix was confirmed by the appearance of wider peaks in the XRD,
where the peaks also shifted towards lower 2θ. Overall, PP/G/EBA nanocomposites
exhibited higher thermal stability, melting temperatures, toughness and ductility. On
the other hand, higher crystallization temperatures and crystallinity values leading to
brittle behaviour were observed for PP/G/PP-g-MA nanocomposites. The rigid
chemical structure and low crystallinity of EBA might be the reason behind the lower
crystallinity of PP/G/EBA nanocomposites, resulting in increased ductility. In
PP/G/PP-g-MA nanocomposites,

improved graphene’s dispersion

and less

agglomeration is attributed to possible miscibility between PP and PP-g-MA.
Consequently, higher crystallinity as well as mechanical properties were acquired in
PP/G/ PP-g-MA nanocomposites. Moreover, analysis of mechanical data proposes that
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the optimum graphene concentration in the compatibilized PP/G nanocomposites
might be ~5 wt%. Higher graphene loadings might lead poor dispersion of graphene
due to agglomeration resulting in decreased mechanical properties.
In covalent functionalization of graphene, graphene samples with different
surface functionalities were used to prepare PP/Functionalized-G nanocomposites. In
addition, nanocomposites were prepared by two processing routes: melt and solution
blending. The effect of processing method and efficiency of each functionality on
increasing the exfoliation of graphene was investigated by different characterization
techniques. A comparison of morphological, thermal and mechanical properties of the
nanocomposites was reported. The FTIR and XRD results confirmed the success of
the covalent functionalization of the in-house functionalized graphene (OG-OA). The
TEM observations confirmed the paper-like morphology of graphene samples while
the TGA results proved their high thermal stability, except for G-TEPA. A change in
the morphology and tensile behaviour due to in-house functionalized graphene (OGOA) was evidenced by SEM. According to DSC, the crystallization behaviour was
affected by the type of functionality. Unexpected decrease in the strength and a
considerable improvement in the elongation were observed for solution-processed
nanocomposites.
In conclusion, this work suggests that covalent functionalization of graphene
can generally generate better mechanical properties while compatibilization can
significantly improve the thermal properties and stability of PP/G nanocomposites.
However, it should be noted that the melt-blended nanocomposites in Chapter 3 were
re-extruded, which might be the reason behind the improved mechanical properties
compared to melt-blended compatibilized nanocomposites in Chapter 2.
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4.2 Future Recommendations
The development of mechanically and thermally robust compatibilized PP/G
nanocomposites might include using polypropylene-grafted-butyl acrylate (PP‐g‐BA).
PP/G nanocomposites compatibilized with PP‐g‐BA are expected to show improved
melting and mechanical properties due to good compatibility between PP‐g‐BA and
PP, similar to MA-compatibilized PP/G nanocomposites. At the same time, improved
thermal stability and higher ductility are expected due to butyl acrylate, similar to
EBA-compatibilized PP/G nanocomposites.
The unexpected decrease in the strength of the solution-processed
PP/Functionalized-G nanocomposites need to be investigated. Further work may
include the use of different solvents for the preparation of solution-processed
PP/Functionalized-G nanocomposites. This would be helpful to further explore and to
confirm the effect of solvent as well as the possible interactions that might take place
and lead to changes in properties.
More research could be done to better understand the effect of different surface
functionalities on the properties of the PP/Functionalized-G nanocomposites in terms
of the chemical nature, composition, structure, and properties of the functional groups
to develop a better understanding of the interactions that might take place and lead to
changes in properties. X-ray photoelectron spectroscopy (XPS) analysis can further
support the findings. Additionally, the effect of functionalization on graphene’s
properties might be further investigated by conducting electrical studies.
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